A full-length cDNA clone, named FsA1, has been isolated from a cDNA library constructed using mRNA from Fagus sylvatica L. dormant seeds (beechnuts). This clone shows high identity with members of the AAA superfamily, for ATPases Associated with a variety of cellular Activities, encoding subunit 8 of the 26S proteasome or Tat binding proteins (TBPs). Direct biochemical evidence supporting Mg 2+ -dependent ATPase activity has been obtained by expressing FsA1 in Escherichia coli as histidine tag fusion protein and using the recombinant protein in the stimulation of ATP hydrolysis. Analysis of the expression of FsA1 transcripts during stratification shows an increase in the presence of gibberellic acid (GA 3 ), a treatment that proved to be efficient in breaking dormancy and increasing germination percentages of these seeds, while the addition of paclobutrazol, a well-known GA biosynthesis inhibitor, greatly reduces the expression of the clone. A low level of expression was maintained in the stratification control in H 2 O, where dormancy is slowly released. These results show that this new member of the AAA-ATPase family is up-regulated by GAs and its expression correlated with the germination arise in Fagus sylvatica seeds. The possible function of this protein during the transition from dormancy to germination is discussed.
Introduction
The AAA superfamily proteins are defined as ATPases Associated with a variety of cellular Activities. These proteins have been found in both procaryote and eucaryote organisms and show a large diversity of cellular functions, including regulation of cell cycle, gene expression, vesicle-mediated transport, peroxisome assembly, protein degradation by 26S proteasome (Rechsteiner et al. 1993) , or transcriptional activation (Confalonieri and Duguet 1995) . The key feature of the family is the AAA domain (a highly conserved Walker-type ATPase module) (Walker et al. 1982) of 230 amino acids, with one or two copies per protein, which contains a putative ATP binding motif and an ATP hydrolysis motif involved in RNA unwinding (DEAD box proteins). Little is known about the enzymatic properties of these proteins although they are considered to be ATPases.
Most of the AAA-proteins characterized so far have been involved in controlled protein degradation by the 26S proteasome, a multi subunit ATP-dependent protease which degrades ubiquitinated proteins and plays an important role in the regulation of gene activity and protein levels in eucaryotic cells. The complex consists of two particles: the 20S proteasome containing the proteolytic active sites and the 19S regulatory particle (RP) composed of various subunits, now designated as RPT for 19S Regulatory Particle Triple A-ATPase (Finley et al. 1998) . As proposed for some components of the regulatory complex of the 26S proteasome, like Sug1 from yeast, they may act as ATP-dependent molecular chaperones (vom Baur et al. 1996) . Recent findings in yeast indicate that the AAA domain of Yme1 has chaperone-like activity (Leonhard et al. 1999) .
They have also been suggested to function as transcriptional factors that may bind to various promoters of specific genes (Ohana et al. 1993) . For instance, Sug1 has been proposed as a transcriptional mediator acting between enhancer binding proteins and the basal transcriptional complex (Swaffield et al. 1995) . Even in human cells, the proteins p45 and Trip1 homologs to yeast Sug1 are likely to function in either transcription or protein degradation (Akiyama et al. 1995) so they can be found in the cytosol and in the nucleus.
Some proteasome genes have been reported to be directly or indirectly regulated by gibberellins in germinating wheat grains (Lazarus 1991) , and in germinated tomato seeds (Prombona et al. 1995) and suggested to code for transcription factors regulated by this hormone.
Our research is focused on the study of the mechanism of gibberellic acid (GA 3 ) action during the breaking of dormancy and the onset of germination in Fagus sylvatica seeds by ana-lyzing the expression and characteristics of specific genes putatively involved in these processes. We have previously shown that stratification in H 2 O at 4°C is able to break seed dormancy after 8 weeks of imbibition and that the addition of GA 3 produces a faster release from dormancy and increases the percentages of germination from the first week of treatment, while in the presence of the gibberellin (GA) biosynthesis inhibitor, paclobutrazol (PB), the percentages of germination were lower than in the control in water (Nicolás et al. 1996 , Nicolás et al. 1997 . Fig. 1 Alignment of the deduced amino acid sequences of FsA1 from Fagus sylvatica with AtRPT6a from Arabidopsis thaliana, subunit 8 of 26S human protease and TBPOs-1 from Oryza sativa (identical residues are boxed), showing the conserved domains within the AAA family of proteins (domains B-H and K) (Beyer 1997 ) and the approximate positions of the coiled-coil domain in subunit 8. The consensus sequences for the various AAA domains are shown below each domain (-= D/E, + = R/K/H, ± = charged, O = large and hydrophobic and X = any amino acid).
In this report we isolate and characterize a new cDNA clone coding for an ATPase of the AAA family that exhibits Mg
2+
-dependent ATPase activity. Analysis of the expression of the corresponding gene shows that it is up-regulated by gibberellins and correlated with the onset of germination in dormant beechnuts.
Results
Isolation and characterization of a cDNA clone from Fagus sylvatica seeds encoding a new ATPase of the AAA family In a previous report by Nicolás et al. (1996) we found that GA 3 is able to release dormancy and promote germination of beechnut seeds, speeding up the effect of stratification on this process. In this work, by differential screening we have isolated a GA 3 -induced full-length clone of about 1.6 kb, using a cDNA library constructed from mRNA of beechnut dormant seeds (Nicolás et al. 1997) . The cDNA contained an ORF 1,257 bp long, which correlates with the mRNA size determined by Northern blot (1.4 kb approx.), and showed an in-frame stop codon (TAA) 10 bp upstream from initial ATG, both characteristics being indicative of a full-length sequence. The deduced protein had 419 amino acids ( Fig. 1 ) with a predicted molecular mass of 47.4 kDa and contained the conserved module of 230 amino acids present in all the ATPases of the AAA family with the domains (B-H and K) described by Beyer (1997) , including the putative ATP binding motif (A/P-loop) and the ATP hydrolysis motif involved in RNA unwinding (B or DEAD box) (Fig. 1) . This domain is preceded in the N-terminus by a region potentially able to form an a-helical coiled coil, described in other similar proteins, that is likely to be involved in protein-protein interactions (vom Baur et al. 1996) . This region contains a heptad repeat of hydrophobic amino acids reminiscent of a leucine zipper, which may be indicative of transcriptional regulators.
Comparison of the deduced amino acid sequence with EMBL databases, revealed an identity higher than 80% with different proteins of the AAA family, such as subunit 8 of 26S human protease (Akiyama et al. 1995) , AtRPT6a of Arabidopsis thaliana (Fu et al. 1999 ) and TBPOs1 of Oryza sativa (Suzuka et al. 1994) (Fig. 1) . Fig. 2 depicts a phylogenetic tree showing the relationship between some AAA proteins belonging to the group of subunits of the 26S proteasome, including the FsA1 newly described in this work with their counterparts from other organisms (plants and human). The branch lengths in the tree reflect the evolutionary distances of the proteins.
These results on the composition and characteristics of our clone let us to deduce that it encodes an ATPase of the AAA family and thus it was called FsA1 (ATPase from F. sylvatica).
Southern blot analysis
In Southern blot analysis, hybridization of the FsA1 probe with genomic DNA of F. sylvatica revealed a major hybridizing band in digests of restriction enzymes that do not cut inside the coding region of the gene (EcoRI or HindIII), which indi- Fig. 2 Phylogenetic tree showing the relationship between some AAA proteins belonging to the group of subunits of the 26S proteasome reported in the databases: Arabidopsis thaliana AtRPT6 (AF123395), AtSUG1 (AB044348); Fagus sylvatica FsA1 (AJ251819); Pinus taeda S8Pinus (AF220199); Dactylis glomerata DgRPT6a (AY011124); Oryza sativa OsRPT6 (AB052887); human S8Human (D44467); Prunus persica S7Prunus (AF041258); Spinacia oleracea S7Spinacia (D86121); Lycopersicon esculentum LeMA1 (X74426); Brassica campestris S6aBrassica (D88663); Oryza sativa TBPOs-1 (D17789), TBPOs-2 (D17789); Solanum tuberosum S6bSolanum (U43398). Accession numbers are inside brackets. cates that the FsA1 gene is present in the F. sylvatica genome as a single copy, although a few faint bands that may correspond to distant homologs were also detected (Fig. 3) .
The presence of homolog sequences in genomic DNA from Pseudotsuga menziesii (Douglas fir), and in both monoand dicotyledoneous species (for example, maize and chickpea) was also detected (data not shown), suggesting that these genes are widely conserved in the genomes of higher plants.
Regulatory effects of GA 3 on the expression of the FsA1 gene in dormant and germinating beechnuts Northern blot analysis of total RNA hybridized with a probe from the FsA1 cDNA clone, shows that these transcripts are present in dry dormant seeds and their levels maintained unmodified during the first 3 weeks of stratification at 4°C in water (Fig. 4) . Transcript accumulation was detected in both cotyledons and embryonic axes, a higher amount being found in the latter (data not shown).
In the presence of GA 3 , which produces a fast release from dormancy (Nicolás et al. 1996) , the expression is higher than that in the control in water (Fig. 4A ) and it clearly increases as the stratification period proceeds and germination percentages raise up to 70-80% (Fig. 4B ). The addition of PB greatly reduces the expression of the clone after 6 weeks stratification, reaching even lower levels than those found in the control in water. PB treatment was maintained for longer periods since an increase in endogenous GAs has been reported in beechnuts after 3 weeks of imbibition (Fernández et al. 1997) . Moreover, PB-treated seeds were alive and viable after the treatment, as tested by transferring them to water and verifying the seedling growth. These results indicate that the expression of this gene is activated by GA 3 and correlates with the onset of seed germination, and that newly synthesised GAs are responsible for the increase in the transcript levels observed during stratification.
ATPase activity of recombinant FsA1 protein
To confirm that FsA1 protein does indeed show ATPase activity, the coding fragment of the FsA1 clone was expressed in E. coli as histidine tag fusion protein (Fig. 5A) . Cells carrying the recombinant plasmid were grown, and the production of recombinant protein was induced by the addition of isopropyl b-D-thiogalactopyranoside. The fusion protein was recovered from E. coli cells that had been grown at 27°C, and purified by Ni 2+ affinity chromatography according to the manufacturer's instructions (Novagen). The purified, recombinant protein ( Fig.  5B) , has an estimated molecular mass of 47.5 kDa (very close to that predicted from the amino acid sequence). Several extra products were observed in addition to the expected band of protein, that were assumed to be premature versions or degraded products of the fusion protein, because no extra bands were observed in the analysis of the purified protein fraction prepared from cells that carried the pET 28 a(+) vector alone. In order to determine whether FsA1 fusion protein exhibits Mg
2+
-dependent ATPase activity and its ability to increase the release of g-P i from ATP in an RNA-dependent fashion, 2 mg of poly(U), F. sylvatica total RNA or DNA were added to the reaction mixture as well as FsA1 alone or denatured (Fig.  6) . No appreciable ATPase activity was observed when the protein had been denatured by heating as a control. In contrast, FsA1 by itself remarkably increased the amount of g-P i released after 30 min of incubation. Also, ATPase activity was scarcely stimulated by the addition of poly(U) (Fig. 6) , while application of F. sylvatica total RNA or DNA did not produce any detectable effect. In addition, no appreciable ATPase activity was observed in the absence of Mg 2+ ions nor using a control of uninduced protein (data not shown). ). The reactions were carried out at 37°C for the indicated time periods. Each value represents the average of released P i in the upper phase per mg the protein from three independent extractions (SD was never higher than 5%).
Discussion
Fagus sylvatica seeds exhibit embryo dormancy that is eliminated by cold treatment at 4°C over a period longer than 8 weeks and application of GA 3 has proved to be efficient in releasing beechnuts from dormancy and in substituting for cold treatment, allowing seed germination (Powell 1987 , Nicolás et al. 1996 . Furthermore, GA 3 antagonizes the effects of ABA on the maintenance of dormancy and on the expression of specific proteins related to this process (Nicolás et al. 1996 , Nicolás et al. 1997 .
In previous reports we have shown that GA 3 accelerates the disappearance of several polypeptides abundant in dormant seeds (Nicolás et al. 1996) and decreases the expression of specific genes and their corresponding proteins. Some of these proteins, including a Glycine-Rich Protein (Nicolás et al. 1997 ) and a GTP-binding protein (Nicolás et al. 1998 ) are supposedly related to beechnut dormancy and their levels are maintained or even increased by ABA. However, the mechanisms by which GA 3 induces a decrease or disappearance of specific proteins that could be involved in the maintenance of seed dormancy or in the inhibition of germination are not known.
In the present study, we isolate and characterize FsA1 clone and provide evidence showing that it encodes an ATPase belonging to the AAA family, since it contains all the features described for this kind of protein, including the conserved module of 230 amino acids with the domains (B-H and K) described by Beyer (1997) , the putative ATP binding motif (A/P-loop) and the ATP hydrolysis motif involved in RNA unwinding (B or DEAD box) (Fig. 1) . Outside the conserved 230 amino acid module, the AAA proteins differ widely from different families and no significant similarity can be detected in the N-terminal region. This divergence may have been associated with the acquisition of specific functions of the respective ATPases (Beyer 1997) . In addition, FsA1 shows high identity to different ATPases of the AAA family (Fig. 1) , specially with certain proteins included in subunit 8 of the 26S proteasome, such as human and A. thaliana RPT6a. Besides, it shows phylogenetic relationship with other AAA-ATPases included in different subunits of the 26S proteasome (Fig. 2) . These results indicate that FsA1 clone corresponds to an ATPase of the AAA family, belonging to the subunits of the 26S proteasome and, as far as we know, together with AtRPT6a (Fu et al. 1999) , this is one of the first homologs of subunit 8 described in plants.
Subunits of the 26S protease are responsible for the ubiquitin-and ATP-dependent degradation of regulatory proteins such as cyclins or signal transduction molecules. The normal function of eukaryotic cells depends on this pathway to remove these proteins and allow normal cell division and development. The characteristics of FsA1 protein and its presence in seeds suggest that it could have a role in the degradation of certain proteins involved in the regulatory processes that control dormancy and germination in beechnuts.
Moreover, our protein also contains a potential leucine zipper-like motif and shares a high identity to putative ATPases of the AAA family identified in other species as transcription factors (TBPs). For example, the human Tat binding protein (TBP-1) is a promoter-specific transcriptional activator when brought into proximity of several promoter elements (Ohana et al. 1993) . As described in other proteasomal subunits such as S6, S8, SUG2, as well as TBP-1, FsA1 contains Leu-zipper Nterminally adjacent to the AAA cassette (Beyer 1997 ) that could bind nucleic acids. Both activities, protein degradation and transcription regulation, have been reported in other proteins of this family (Ohana et al. 1993) , so none of them can be discarded in our case. The enzymatic activity of these proteins has not been well established, but most of them are regarded as ATPases. FsA1 expressed in E. coli as histidine tag fusion protein (Fig. 5) , exhibits Mg
2+
-dependent ATPase activity as demonstrated in the ATPase activity assays (Fig. 6) . Since FsA1 is a member of the 'DEAD box' family of putative RNA helicases, it is of interest to determine whether our protein can release g-P i from ATP in an RNA-dependent fashion. In this way the addition of poly(U), F. sylvatica total RNA or DNA seems to have no clear effect in the stimulation of FsA1 ATPase activity. As demonstrated with rat Sug1, not all RNAs are going to increase ATPase activity, which can be stimulated by specific RNAs in vitro, but not by any forms of DNA (Makino et al. 1997 ). The influence of poly(U) stimulating ATPase activity has been demonstrated previously with rat Sug1 (Makino et al. 1997) and in the rice TBPOs-1 and TBPOs-2 (Suzuka et al. 1998) . But in contrast, these two proteins from rice do not show ATPase activity by themselves, they need the presence of poly(U), rice RNA or DNA in the reaction mixture.
Expression of FsA1 gene is low during the first weeks of stratification of dormant beechnuts, is up-regulated by GA 3 and correlates with the increase in the percentages of seed germination, as shown in Fig. 4 . Likewise, after treatment with the GA biosynthesis inhibitor PB, which prevents the breaking of dormancy and inhibits germination, the expression of the clone is greatly reduced. These results indicate that FsA1 gene is regulated by gibberellins and shows a correlation between FsA1 expression and the onset of beechnut germination, indicating that the corresponding protein is expressed during the transition from seed dormancy to germination. Supporting this is the fact that GA 3 produces a fast release from dormancy (Nicolás et al. 1996) and increases the percentages of germination from the first weeks of treatment (Fig. 4) .
The expression of other subunits of the 26S proteasome have been previously shown to be hormonally regulated in some animal tissues (Sun et al. 1996) but, as far as we know, FsA1 is the first one shown to be specifically regulated by GAs in plants. Based on the characteristics and regulation of these proteins, they have been proposed to be part of sophisticated pathways that regulate the expression of particular subunits, possibly as a means of ensuring rapid degradation of certain substrates in a particular developmental process (Patel and Latterich 1998) . The features and particular regulation of FsA1 in beechnut seeds led us to speculate that this new member of the AAA-ATPase family could be involved in the degradation of certain specific proteins whose decline might participate in the mechanisms controlling the onset of seed germination. Obviously, different genes might be up-regulated by GAs during the transition from dormancy to germination. FsA1 may be one of them, at least in beechnuts, which in collaboration with other so far unknown genes and proteins, could switch on the germination program.
Since genetic analysis using transgenic plants is not feasible in beechnuts, an experimental approach through overexpression or suppression of FsA1 gene in Arabidopsis constructs will provide us more information about the role of this protein during the transition from dormancy to germination.
Materials and Methods

Plant material and germination conditions
Fagus sylvatica L. seeds (beechnuts) were obtained from the Danish State Forestry Tree Improvement Station. Seeds were dried to a moisture content of 10% and stored at -4°C in sealed jars. The pericarp was manually removed and seeds were sterilized in 1% sodium hypochlorite before imbibition in sterile water or solutions of 100 mM GA 3 or 10 mM PB. Seeds were maintained in the different media at 4°C from 1 to 6 weeks.
Isolation of the cDNA clone
A cDNA library constructed from mRNA of F. sylvatica dormant seeds, using the ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA, U.S.A.) (Nicolás et al. 1997) , was screened to isolate clones specifically induced by GA 3 . Differential screening was carried out by preparing plaque lifts on nylon membranes (Hybond N + , Amersham) and hybridizing them with 32 P-labelled single-stranded cDNA probes (1 st Strand cDNA Synthesis kit for RT-PCR AMV; Roche Diagnostics, Mannheim, Germany) synthesized from poly(A) + RNA obtained from seeds treated either with 100 mM GA 3 or 100 mM ABA (as a control of mRNAs expressed in dormant seeds). Plaques that showed hybridization with the probes from GA 3 -treated seeds and not with ABA-treated seeds were purified and the recombinant cDNA was excised from the phage in pBluescript SK(+) using the biological rescue recommended by the suppliers (Stratagene).
DNA sequencing
Plasmid DNA templates were isolated by the Wizard Plus Minipreps DNA Purification System (Promega Corporation, Madison, WI, U.S.A.). Determination of the nucleotide sequence of the cDNA clone was performed on a ABI 377 sequencer (Applied Biosystems, Inc.) using the Taq DyeDeoxy™ Terminator Cycle Sequencing kit. The DNA and deduced protein sequences were compared to other sequences in the EMBL (GenBank and SwissProt databases, respectively), using the FASTA algorithm (Pearson and Lipman 1988) .
Nucleic acid analysis
Genomic DNA was extracted using the Plant DNA Isolation kit (Roche Diagnostics) following the manufacturer's protocol. For Southern blot analysis, genomic DNA (10 mg) from F. sylvatica was digested with EcoRI or HindIII, fractionated on a 1% agarose gel and blotted onto Hybond N nylon membranes (Amersham) according to the manufacturer's protocol. Blots were hybridized overnight with the FsA1 probe labelled with 32 P using the Random primed kit (Roche Diagnostics) at 65°C in 5´ SSC (1´ SSC is 0.15 M NaCl, 15 mM trisodium citrate), 1% SDS and 5´ Denhardt's solution (1´ Denhardt's solution is 0.02% bovine serum albumin (BSA), 0.02% Ficoll 400 and 0.02% polyvinylpyrrolidone). Membranes were washed at 65°C twice with 2´ SSC, 0.1% SDS for 5 min each and once with 1´ SSC, 0.1% SDS for 10 min and exposed to autoradiographic films (X-Omat, Kodak).
Total RNA was extracted using the Qiagen pack-500 cartridge (Qiagen, Inc., CA, U.S.A.) following the manufacturer's protocol. In Northern blot analysis, 10 mg of total RNA isolated from treated seeds were fractionated in denaturing formaldehyde agarose gels, transferred to nylon membranes (Hybond N, Amersham) and hybridized with a FsA1 32 P-labelled probe as described previously (Lorenzo et al. 2001) . Membranes were then exposed to X-Omat films (Kodak) and the autoradiograms analyzed on a Bioimage 60S Image Analyzer (Millipore Iberica S.A., Madrid, Spain, Visage 4.6K Software).
Expression and purification of recombinant FsA1 protein
A cDNA fragment spanning the entire FsA1 open reading frame was polymerase chain reaction-generated using the following primers: 5¢-primer containing the BamHI site (5¢-GGATCCATGGCGATC-GAAACGAAA-3¢; the BamHI site is underlined and the ATG is bolded) and 3¢-primer containing the HindIII site (5¢-AAGCTTC-TACTTCCATAGCTTCCG-3¢; the HindIII site is underlined and the stop codon is bolded). The PCR product was digested with BamHI and HindIII, and the fragment was inserted into the corresponding sites of the pET-28a(+) vector (Novagen, Inc., Madison, WI, U.S.A.) and verified by DNA sequencing.
FsA1 protein was expressed in E. coli BL21(DE3) as histidine tag fusion protein, cells carrying the recombinant plasmid were grown at 27°C until A 600 reached 0.6 units, and recombinant protein was induced by the addition of isopropyl b-D-thiogalactopyranoside to a final concentration of 1 mM. Cells were harvested by centrifugation at 5,000´g for 5 min after 4 h of induction and lysed by sonication. Purification of the fusion protein was carried out using Ni
2+
-resin (Novagen) according to the manufacturer's instructions. Proteins were viewed by SDS-PAGE and Coomassie Blue staining.
FsA1 ATPase assay
Twenty mg of the fusion protein were used in a 40 ml reaction mixture (Suzuka et al. 1998 ) containing 20 mM Tris-HCl pH 7.5, 70 mM KCl, 2.5 mM MgCl 2 , 1.5 mM dithiothreitol, 0.1 mM ATP and 2 mg of poly(U), F. sylvatica total RNA or DNA and 2.5 mCi of [g-32 P]ATP (6,000 Ci mmol -1 ). The reactions were carried out at 37°C for 30 min. Aliquots (5 ml) were removed and processed under conditions where inorganic phosphate (P i ) is sequestered in the upper phase by the consecutive addition at 4°C of the following reagents: (1) 125 ml of 20 mM silicotungstic acid, 20 mM sulfuric acid; (2) 300 ml of 1 mM potassium phosphate pH 7.0; (3) 125 ml of 5% ammonium molybdate, 4 M sulfuric acid; (4) 75 ml of 2.5% trichloroacetic acid, 50% acetone; and (5) 500 ml of 50% isobutyl alcohol, 50% benzene. The mixture was vortexed for 30 s and centrifuged at 500´g. Aliquots (100 ml) of the upper phase were mixed with 2 ml of Ready Safe™ Liquid Scintillation Cocktail (Beckman Instruments, Inc. CA, U.S.A.) and counted in a Tri-Carb ® 2100 TR Liquid Scintillation Analyzer (Packard Instrument Company, Inc. U.S.A.).
